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SECTION 1

INTRODUCTION

Since 1972, Tempo has been preparing environmental assessments (EAs)
and environmental impact statements (EISs) for high-explosive (HE) field
tests sponsored by the Defense Nuclear Agency (DNA). Although some of
these field tests involved substantial construction activities, the major
concern of military reviewers and the public has been regarding the effects
of the explosion phenomena. Accordingly, considerable effort has gone into
the analysis of explosion phenomena and their effects on the physical, bio-
logical, and socioeconomic environments. This report documents the exper-
tise that has been gained and can serve as:

1. A tool to be used during site-selection to determine
if environmental damage criteria are likely to be ex-
ceeded, and the magnitude of any such damage

2. A reference document for use in preparing future EAsfor HE field tests

3. A background document for use in scoping meetings to
determine the impacts to be assessed in EISs for HE
field tests and a reference document for preparing
EISs.

This report addresses only the explosion phenomena aspects of HE field
tests; it does not address the construction and other aspects of such
tests. The scope of this report i.s limited to solid or liquid HE in the
range of interest for field tests, equivalent to from 1,000 pounds to 500
tons of TNT. The evaluation is limited to field tests conducted on land;
gaseous explosives or underwater explosions are not covered in tis
analysis.

In general, conservative assumptions regarding the magnitude of explo-
sion phenomena and their effects are used to avoid underestimating the en-
vironmental impact of the phenomena. If significant impact is indicated,
less conservative assumptions can be used in a careful analysis to provide
a more realistic assessment.

This report is organized as follows: Section 2 describes the explosion
phenomena of airblast and noise, craters, ejecta and missiles, ground
shock, explosive products, and a buoyant cloud which will carry dust and
explosive products downwind. The phenomena are described in the form of
parametric curves of magnitude versus distance for various explosive charge
sizes and other conditions.

5ZN
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Section 3 describes the magnitudes of explosion phenomena that may havesignificant effects on the environment and combines these damage criteria
with the explosion phenomena in Section 2 to obtain damage distances or
conditions, i.e., distances within, or other conditions for, which the ef-
fects of explosion phenomena can be significant.

A variety of units of measurement is used in this report, depending on
how particular types of data are customarily given. In general, however,
information in output form for users of this manual is presented in metricunits, except HE charge sizes are given in TNT-equivalent tons. Table 1-1
shows the factors to convert to other measurement systems.

Table 1-1. Unit conversion factors.

To Convert Into Multiply By

cubic feet (ft3) cubic meters (m3) 2.832 x 10-2

cubic meters (W3) cubic feet (ft3) 35.31

grams (g) pounds (lb) 2.205 x 10-3

gravitational units of centimeters per second2  981
acceleration (g's) (cm/secz)

feet (ft) meters (m) 0.3048

pounds (lb) grams (g) 453.6

Pascals (Pa) pounds per square inch 1.451 x 10-4

(psi)

pounds per square inch Pascals (Pa) 6,894(psi)

square feet (ft2) square meters (i2) 9.290 x 10-2

meters (m) feet (ft) 3.281
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I SECTION 2

EXPLOSION PHENOMENA

The detonation of a charge of high explosive (HE) near the earth's sur-
4 face produces airblast and noise, a crater, ejecta and missiles, ground

shock, explosive products, and a buoyant cloud that will carry dust and ex-

plosive products downwind. In this section, the magnitudes of each of
these phenomena are estimated for explosive charge weights ranging from
1,000 pounds to 500 tons (typical for field tests) exploded on or near the
ground surface. The variation of magnitude of phenomena for special situa-
tions (e.g., multiple charges and elevated or buried charges) is alsodiscussed.l*

In this report, all weights of explosives are given in terms of their

TNI-equivalent weight, i.e., the weight of TNT (with explosive energy of
10 calories/ton) that would produce approximately the same magnitude of
a particular phenomenon as the specific explosive charge in question.

AIRBLAST AND NOISE
Airblast (the explosion shock wave in air) is usually of greatest con-

cern in HE field tests because damage can occur at relatively long dis-tances from the explosion. Damage can be caused by various 'airblastmechanisms but is usually related to the peak overpressure of the airblast

wave. Table 2-1 shows TNT-equivalent weight factors for some explosives.
The airblast phenomena discussed in this section include close-in airblast,
long-distance airblast and noise, and refracted atmospheric propagation.

Close-In Airblast

Figure 2-1 shows measured values of airblast peak overpressure as func-
tions of distance for four field tests in which large, spherical charges of
TNT were detonated on the ground surface. The measurements have been ad-
justed to convert all results to 1 pound of TNT at sea level and standard
atmospheric conditions. It can be seen that these results agree very well
and were predictable.

Airblast measurements from a number of charges of various shapes
(sphere, hemisphere, and capped cylinder), varying in TNT-equivalent weight
from a few hundred pounds to 500 tons and employing different types of ex-
plosives, show results consistent with Figure 2-1 in the region of environ-
mental interest, below 10 to 20 psi (References 3, 4, 5, and 6). Also,

yexcept for charges elevated significantly above the earth's surface (at
least tens to hundreds of feet for charge sizes of interest), Figure 2-1
is a slightly conservative estimate of airblast overpressure. Field tests

7 4
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Table 2-1. TNT-equivalent weights of explosives for airblast
peak overpressure. (Source: Reference 1)

TNT-Equivalent TNT-Equivalent

Explosive Type Weight Factora Explosive Type Weight Factora

TNT 1.00 Pentolite 1.42
Tritonal 1.07 PETN 1.27

Composition B 1.11 Nitroglycerine 1.23

HBX-1 1.17 RDX-Cyclonite 1.17

HBX-3 1.14 Nitromethane 1.00

TNETB 1.36 Ammonium Nitrate 0.84
Composition C-4 1.37 Black Powder 0.46

H-6 1.38

aTo determine the TNT-equivalent weight of an explosive, multiply the

weight of the explosive by the equivalent weight factor, e.g., at a
given distance, 1 ton of ammonium nitrate is required to produce the1peak overpressure equivalent to that from 0.84 ton of TNT.

conducted at higher altitudes result in peak overpressures somewhat less
than those indicated in Figure 2-1. Burying a charge tends to also reduce
the peak overpressures. Thus it can be assumed that except for signifi-cantly elevated charges (discussed later), the airblast overpressure will
not be greater than indicated by Figure 2-1.

The distance at which any particular peak overpressure occurs varies
proportional to the cube root of the charge weight, e.g., increasing a
charge weight by a factor of ?.ncreases the ground distance for a given
overpressure by a factor of 8 , i.e., 2. The curves shown in Figure 2-2
for typical weights of field test HE charges are obtained from Figure 2-1
by plotting overpressures of environmental concern (below 20 psi or 140
kPa) versus the product of ground distance and the cube root of the charge
weight.

Long-Distance Airblast

4As the peak overpressure decreases at increasing distances from the ex-
plosion, the airblast front slows down to a speed approaching the speed of
sound. As the airblast approaches an acoustic wave, it is refracted by
temperature and wind-speed gradients in the air. At distances where the
airblast peak overpressure is less than approximately 2.5 kPa, meteorologi-
cal conditions usually predominate to cause anomalous propagation; airblast

8
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Reference 2)
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Figure 2-2. :,irblast peak overpressures versus ground
distance for charges exploded on or.near
the ground surface.

is refracted toward or away from the ground, resulting in peak overpres-
sures either greater or less than would occur in a nonrefracting atmo-
sphere. Peak overpressures at long distances may vary by an order of
magnitude or more, depending upon whether the meteorological conditions are
favorable or unfavorable. Long-distance airblast is of concern because
very low peak overpressures can crack windows and cause excessive noise, as
discussed in Section 3.

Based on a large amount of empirical data, Reed (Reference 1) has for-
mulated relationships for estimating the overpressure at long distances
from explosions. For a large chemical explosion on, or near, the ground
surface with the airblast propagating through a homogeneous, nonrefracting
atmosphere, the peak overpressure at long distances near the ground surface
is approximately:

Ap 668 (2W)'0.37 0 1.1 (P/P )0.63 (2-1)

10
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where

Ap = incident peak overpressure (Pa)

W = TNT-equivalent weight of the explosive charge
(tons) (the factor of 2 is to account for the
fact that the ground surface produces distant
blast pressures equivalent to those from a
free-air burst about double in size)

D = distance from the explosion (km)

P = ambient atmospheric pressure at the test site

P0 = standard sea-level atmospheric pressure.

Equation 2-1 is plotted in Figure 2-3 for explosive yields of interest
at standard sea-level ambient atmospheric pressure. (For most situations
of interest, P can be assumed equal to Po in Equation 2-1. Peak overpres-
sure is reduced by only 1 percent for each 140 meters of elevation of the
test site above sea level.)

0.5 1 5102050100 500 TONS

160

Cr 3

-104
U.' 150~

ZC

uJ

140 

5
CLri

~102r
L)130 m

120

10-1 100 101 10 2 103

GROUND DISTANCE (kin)

Figure 2-3. Long-distance alrblast and noise (idealized,
nonrefracting atmosphere).
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An explosion produces impulsive, predominantly low-frequency sound of
sufficient intensity to be heard at long distances. The measure of sound
intensity is the unweighted sound pressure level (SPL) expressed in deci-
bels (dB), which are dimensionless units proportional to thp square of thepressure ratio (relative to a reference pressure of 2 x 10-0 Pa). The

equation is:

SPL(dB) = 20 log (Ap/0.00002) = 20 log (Ap) + 94 (2-2)

where Ap = peak pressure change in Pa. The sound pressure levels in deci-
bels are shown on the right-hand scale of Figure 2-3.

Explosive charges produce a sound energy spectrum that is predominantly
low frequency at distances of interest, approximately 10 hertz (Hz) or less
for large charges. The energy concentration is displaced toward the low
end as explosive yield increases. Also at greater distances, the spectrum
is displaced toward lower frequencies as higher frequencies undergo greater
attenuation and the shock wave loses its impulsive characteristics. At
long distances, the sound of an explosion is a rumble.

Refracted Atmospheric Propagation
Vertical wind and temperature gradients in the atmosphere will refract

low-pressure airblast. A decrease in temperature with altitude (the usual
daytime condition) refracts airblast away from the ground, so the overpres-
sure at a given ground distance will be less than shown in Figure 2-3 for
the case of no refraction. Conversely, an increase in temperature with al-
titude, or an inversion, refracts airblast toward the ground, thus increas-
ing the overpressure that would be expected at a given ground distance. An
increase in wind speed with altitude (the usual condition) refracts upwind
airblast away from the ground and downwind airblast toward the ground, thus
tending to increase downwind overpressures and decrease upwind overpres-
sures. Conversely, decreasing wind speeds with altitude tend to refract
upwind airblast toward the ground and downwind airblast away from the
ground, which tend to increase upwind overpressures and decrease downwind
overpressures. The combined effects of wind and temperature variations
with altitude must be considered when analyzing long-range propagation of
airblast and noise.

The "standard atmosphere" (temperature decreasing with altitude) and
no wind corresponds to a "weak gradient" condition, i.e., overpressures
will be somewhat less than indicated by Figure 2-3. With a "strong gradi-
ent," overpressures vary approximately inversely with the square of the
distance, resulting in strong refraction away from the ground and greatly
reduced distant blast pressures. To reduce the possibility of window
breakage by airblast, gradient conditions are usually sought and obtained
when detonating a large explosive charge in a field test.

12



The meteorological conditions that lead to amplification of long-dis-
tance airblast and the relative location and magnitude of such amplifica-
tion are summarized by Reed from a large amount of data (Reference 1). The
three conditions of concern are boundary layer ducting, jet stream ducting
and focusing, and downwind ozonosphere propagation.

4 i In a temperature inversion, warm air overlies cooler air near the
ground surface with the result that acoustic waves are trapped and ducted
to propagate along the ground. The magnification of overpressure at dis-
tances is further enhanced in the downwind direction because of normalJdownward refraction due to the usual condition of increasing wind speed
with altitude. Based on the available data, it appears inversion or down-
wind conditions may produce boundary layer ducting that enhances the unre-
fracted overpressures shown in Figure 2-3 at any given distance by a factor
of 2 to 3.

The jet streams, high-speed winds at several tens of thousands feet al-
titude, can strongly refract acoustic waves back to the earth. Amplifica-
tion of the peak overpressure by somewhat less than an order of magnitude
can be expected where such refracted waves are focused back to the earth's
surface. Typically, such focusing occurs approximately 40 to 50 miles
away, in the direction of the jet stream flow.

In northern temperate climates, winds at altitudes of about 30 miles
usually blow from east to west in summer and west to east in winter. Since
temperature and sound speed at 30 miles altitude are near their values at
ground surface, the result is enhanced blast pressures approximately 125
miles downwind from these high-altitude winds and reduced blast pressures
upwind. There is a rather low probability of overpressure enhancement
downwind by a factor of 2 to 3.

As indicated by the above discussion, tne long-distance airblast magni-
2 tude at any particular point can vary by more than an order of magnitude,

depending on the particular meteorological conditions. Under enhancing me-
teorological conditions, a relatively small explosive charge can produce
airblast at long distances, in excess of that from a large charge exploded1 under gradient conditions. The prediction of the pattern of long-distance
airblast and noise magnitudes on the ground requires specialized skills and
meteorological measurements that are normally part of field tests. The
scheduling of field tests to reduce the possibility of window breakage is
based on such measurements and predictions, with the result that little
damage has occurred from previous large field tests.

Special Test Configurations
The preceeding discussion applies for most test configurations, where

the charge is exploded relatively near the ground surface. A significantly
elevated or buried charge can produce different magnitudes of airblast than
shown in Figures 2-2 and 2-3.

; 1 13
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Even a moderate amount of dirt cover will significantly reduce over-
pressure in the relatively high-overpressure region shown in Figure 2-2.
However, there is little if any reduction in overpressures at long dis-
tances, shown in Figure 2-3, unless the depth-of-burst is relatively deep
(Reference 7). In fact, exploding a charge at a shallow depth-of-burst may

> Iincrease airblast magnitude at long distances because of more efficient
conversion of explosive energy to shock energy when an explosion is con-
fined (Reference 8). The assumption of no reduction in airblast or noise
from burying a charge is usually warranted for environmental assessment.
If this assumption indicates that significant environmental damage may oc-
cur from close-in airblast and if the depth-of-burst is deeper than about
one charge radius, it may be desirable to have the airblast phenomena cal-
culated by w :!i. .ho can include depth-of-burst effects.

When a har~e is exploded above the ground surface, shock waves re-
fleated fvc - the ground surface merge with the direct shock wave to enhance
the magnitude of the peak overpressure at any given distance. As shown in
Figure 2-4, the effect of elevating a charge is to make it appear that the
charge is increased in weight. At the optimum height-of-burst for airblast
enhancement, a charge appears to be increased in weight approximately 3.5
times so that the distance to a given overpressure (by cube root scaling)
is about 1.5 times that from a charge of the same weight exploded on the
ground surface.*

Figure 2-4 can be used to estimate the increase in airblast magnitude
for an elevated charge. The product of the TNT-equivalent charge weight
and the multiplying factor should be used in Figures 2-2 and 2-3 to esti-
mate the airblast magnitude as a function of distance. Substantial eleva-
tion is required to significantly extend the distance of a given peak
overpressure, e.g., a 1-ton charge would have to be elevated approximately
60 feet above ground level to extend a given overpressure 10 percent
farther.

If more than one charge is exploded at nearly the same location and

time so that the shock waves interact, the airblast environment is complex.
Outside the array of charges and depending on the distance, as was shown
with the MISERS BLUFF multicharge event, the airblast may appear as a se-
ries of explosions or as a single explosion of larger size than any of the
individual explosions. The conservative assumption for distant blast is
that the individual shocks will merge to produce a single shock equivalent
to that from a single charge with a weight equal to the sum of the weights
of the individual charges and located at the center of the array.

* Height-of-burst is measured from the center of gravity of the explosive
charge to the ground surface. Therefore, zero height of burst means the
charge is half buried in the ground.

14
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Figure 2-4. Height-of-burst multiplying factor.
(Adapted from Reference 1)

CRATERS

The dimensions of an explosion-Droduced ground crater depend on a num-
ber of factors but are most strongly influenced by the TNT-equivalent
weight of the charge, the placement of the charge relative to the ground
surface, and the type of soil or rock and its water content. Crater dimen-
sions are best predicted based on any previous explosions at the same test,site, but even in this case crater dimensions can vary considerably underseemingly identical conditions. For example, PRE-DICE THROW I and II were

both 100-ton TNT-equivalent HE charges at virtually the same location; yet,
one crater was considerably shallower and wider than the other.

Figure 2-5 shows data for crater volumes from 256-pound spheres of TNT
exploded on and below the ground surface in alluvium soils at two different
sites.* As can be seen, crater volume increases with depth of charge bur-
ial to a maximum volume at the optimum depth for cratering, which is pro-
portional to the charge weight and is about 10 feet for these 256-pound
charges. Below the optimum cratering depth, the explosion becomes more

* Negatiie values of height-of-burst are used here for explosive charges
whose center of gravity is below the ground surface. The absolute values
of these numbers are often referred to as depths-of-burst.

15
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Figure 2-5. Crater ;olumes from 256-pound spheres of TNT

in dry alluvium. (Source: Reference 9)

contained and crater volume decreases. If the charge is buried deep
enough, it will be fully contained and no crater will be visible. Note
that for relatively shallow-buried charges (those above the optimum crater-
ing depth), the scatter of data indicates that crater volumes may differ by* a factor of 2 or 3 for this specific situation, primarily from geological
uncertainties. A different geological condition would result in a differ-
ent set of data.
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Table 2-2 lists TNT-equivalency cratering factors for some of the more
common explosives, e.g., from a cratering standpoint 1.23 tons of TNT are
equivalent to 1 ton of Pentolite. It must be stressed that the factors in
Table 2-2 are based on very little data and data trends can be obscured by
geological influences.

Table 2-2. TNT-equivalent weights of explosives for
ground cratering. (Source: Reference 10)

Explosive Type TNT-Equivalent Weight Factora

TNT 1.00

Amatol 0.94

Dynamite (40%) 0.68

Pentolite 1.23

C-4, C-3 1.34

Ammonium Nitrate 1.00

Nitromethane 1.10

aTo determine the TNT-equivalent weight of an ex-

plosive, multiply the weight of the explosive by
the equivalent weight factor, e.g., I ton of Pen-
tolite will produce a crater approximately equiva-
lent to one that would result from 1.23 tons of
TNT.

The shape of the explosive charge also has some influence on crater
size for explosions on the ground surface. In general, hemispherical, or
similar shaped, charges produce somewhat larger craters than do spherical
charges of the same weight resting on the ground surface; however, at
least part of this difference is because a hemisphere has a lower center
of gravity than a sphere on the ground surface and thus has a lower
height-of-burst.

SCharge type and shape, however, have relatively small influence on cra-
ter dimensions compared to the dominance of the geology and depth-of-burst.
Figure 2-5 shows that for a given explosive charge and test site, crater
volume can vary by more than an order of magnitude, depending only on the
depth-of-burst. Other parameters being equal, crater volumes can also vary
by more than an order of magnitude depending on the particular type of soil
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I or rock and its moisture content. The geological influences are the major
uncertainty in predicting crater dimensions for a particular field test.
Great efforts have been devoted to analyzing cratering of various soils and
rocks and the influence of height-of-burst and other explosive charge pa-
rameters. Of the numerous reports on the subject of cratering, the results
from Reference 9 will be used. The author of Reference 9 is a noted au-
thority on the subject, his report is concise but comprehensive, and his
results are in a form that is most useful and understandable for the pur-
poses of this study.

Interpretation of the data indicates that for surface bursts on a

given "uniform" medium, the apparent crater volume is approximately pro-
portional to the explosive yield. The apparent volume of a crater is the
product of the yield and the "cratering efficiency," which is a function of
the geologic medium, the explosive charge, and the height-of-burst. Also,
evaluation of cratering data from different geologies suggests that height-

of-burst effects can be separated from geological effects if height-of-
burst dimensions are scaled inversely by the cube root of the apparent
crater volume. Furthermore, for a given height-of-burst, cratering effi-
ciency appears to be basically a function only of geology.

Figure 2-6 illustrates the best estimates of near-surface (within a few
charge radii of the ground surface) cratering efficiency in various geolo-
gies. The tabular data (Vo) are crater volume per ton of explosive at a
zero height-of-burst for various types of geologies. This figure illus-

trates the importance of the type of geology. Crater size increases as the
geology is changed from hard rock to soft rock to dry soil to wet soil. A
given charge size and depth-of-burst will produce a crater in wet clay that
can be expected to be approximately 20 times the volume of a crater in hard
rock. Figure 2-7 illustrates the data when all crater volumes are normal-
ized by the cratering efficiency of the medium.

The sumnary of all this is that the apparent-crater volume from a field
test explosion within a few charge radii of the ground surface can be ap-
proximated by the following equation:

Va  VoW exp 1-5.2 H(VOW) - 1 / 3  (2-3)

where

Va = expected apparent crater volume (ft
3)

V0 = cratering efficienc of explosive for a zero
height-of-burst (ft-/ton)

W = TNT-equivalent explosive weight (tons)

18
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H =height-of-burst of the explosive charge (ft)
(negative for buried charges).

(Since we are attempting to predict crater volumes rather than normalize
known volumes into a data fit, the term VOW is used in Equation 2-3 as the
best estimate of the apparent crater volume.) Equation 2-3 is shown on4Figure 2-7 where it can be seen that it is a reasonable fit to the data for
near-surface heights-of-burst.

Cooper has gone further and has combined the various types of geologies
into four basic categories of wet geologies (including soils and clay
shales), dry soil, dry soft rocks, and dry hard rocks. The data organized
into these categories are shown in Figures 2-8 through 2-11, from which he2estimates the values of V0 shown in Table 2-3. Using these values of V0,21 Equation 2-3 has been plotted on the figures. Thus, to roughly predict acrater volume, either the values shown in Table 2-3 or the values tabulatedin Figure 2-7 can be used for V0 and either applied directly into Equa-
tion 2-3 or used in the appropriate figure (2-7 through 2-11). If the fig-
ures are used, a range of crater volumes that considers the data scatter

j can be estimated.

Figure 2-12 illustrates how crater depth and crater radius vary with 1
crater volume. Thus, the following equations can be used to estimate cra-ter depth and radius after the crater volume has been estimated as dis-
cussed previously:

Ra 1.2 Va 3  (2-4)

JI

S0. 5V 1 /3  (2-5)

where

Ra =apparent crater radius (ft)

if

Da = apparent crater depth (ft)

Va = apparent crater volume (ft3).

For large HE craters (between 105 and 106 ft3) in wet soil, however, thedata points indicate shallower craters than predicted by Equation 2-5.
This is consistent with results from large HE tests at a site with a shal-
low water table. Such sites tend to produce wider, but shallower, craters
than those in dry geologies.
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Table 2-3. HE cratering efficiency for generic geologic
materials. (Adapted from Reference 9)

Vo (ft /ton)

Medium Range Best Estimate

Wet Geology (including soils 2,000 to 8,000 4,000
and clay shales)

Dry Soil 600 to 1,800 1,000

Dry Soft Rock 500 to 1,200 800

Dry Hard Rcck 300 to 700 500

!, 104

Note: Different symbols are for
different types of soil and
for both nuclear and HE tests
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Figure 2-12. Crater radii and depths as functions of crater
!volume. (Adapted from Reference 9)



EJECTA AND MISSILES

Most of the ejecta, the earth materials from the apparent crater, from
a large HE explosion are deposited within about 3 to 5 crater radii of
ground zero (GZ), i.e., within a few hundred feet of a 500-ton charge. Be-
yond this distance, the ejecta do not completely cover the ground surface
and the areal density decreases rapidly with increased distance from GZ.

The ground coverage of the ejecta can be estimated from Figure 2-13 as
a function of crater dimensions and the density of earth materials. Theunit weight of dry qarth materials in-place varies, but reasonable vilues

to use are. 80 14/ft3 for porous earth, 90 lb/ft3 for clay, 100 lb/ft3 for
sand, 120 lb/ftO for desert alluvium, 140 lb/ft

3 for soft rock, and 160
lb/ft3 for hard rock.

Theoretically, some ejecta (missiles) can be propelled very long dis-
tances; in fact, however, very few missiles have been found beyond 3,000
feet from large HE explosions.

GROUND SHOCK
There are relatively few data on ground motion measurements from large

HE field tests at distances of interest for environmental analysis, i.e.,
where the peak particle velocity is less than a few centimeters per second.
Figure 2-14 shows the peak particle velocities from five HE field tests
that had ground motion measurements at the magnitudes of interest. (Alldistances have been scaled to 1 ton of TNT by the cube root of the TNT-

equivalent weight.) The three charges exploded either on the ground sur-
face or, at most, just buried with the top of the charge flush with the
ground surface (MIXED COMPANY III, JANGLE HE-2, AFWL 1-5) produced reason-
ably consistent ground motions, with the MIXED COMPANY III ground shock
having the greatest magnitude. The more deeply buried charges in the ES-
SEX I--Phase 2 and PRE-GONDOLA--Shot B tests produced somewhat stronger" ground shocks, as would be expected. In this study, the MIXED COMPANY III

data will be assumed as the worst-case ground shock for near-surface explo-
sions. Assuming that the maximum vertical, radial, and tangential peak
particle velocities add vectorially,* the equation of the resultant peak
ground motions can be expressed as follows:

-1.4
Vmax = 2,700 (D/W 1/3) (2-6)

* The combined data are not given in the references, but adding the peak

vectors results in the largest possible magnitudes of ground motion and
therefore is a conservative assumption.
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Figure 2-13. Dimensionless plot of ejecta mass density as a
function of range (expressed as multiples of the
apparent crater radius). (Source: Reference 10)
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aAll ground motions have been adjusted to

be equivalent to those that would occur
MIXED COMPANY III from the explosion of one ton of TNT.

(ON GROUND SURFACE) For the MIXED COMPANY test, the components
of the ground motion in three perpendicular
directions are given, rather than a single
peak value of ground motion. The peak
ground motion was assumed to be the vector

101 sum of the components. The actual peak
ground motion was less because the peak
values of the components do not all occur
at the same time. The fit to the ESSEX I
data was by eye.

10 JANGLE HE, SHOT 2 ESSEX I, PHASE 2

S _ (JUST BURIED) (BURIED)

PRE-GONDOLA I, SHOT B

10"1 (BURIED)

AFWL 1-5 EQUATION 2-6
a (ON GROUND SURFACE

TO JUST BURIED)

12

I

10-1 2  
3 4  5

GROUND DISTANCE (in/ton11 3)

Figure 2-14. Ground motions from previous large HE field
tests. (Source: References 11 through 15)
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where

Vmax = resultant peak particle velocity (cm/sec)

D = distance (m)

W = TNT-equivalent weight (tons).

Equation 2-6 is shown on Figure 2-14 for comparison with the data. Re-
cent large field test explosions tend to confirm that Equation 2-6 is a
reasonably conservative assumption for distant ground motion from near-sur-
face explosions. Ground motions at two dams and a large tunnel were mea-
sured during the execution of Event I of MISERS BLUFF, a 120-ton charge of
ANFO. The peak ground motion at one of the dams was about an order of mag-nitude below that predicted by Equation 2-6 and ground motions at the other

dam and the tunnel were not measurable (Reference 16). Ground motion mea-
surements for PRE-DICE THROW I, PRE-DICE THROW II, and DICE THROW generally
appear to be about equivalent to, or less than, the values that would be
obtained from Equation 2-6 (Reference 17).

Scaling ground motions by crater volume and comparing buried explosions
with those at zero height-of-burst indicates that buried explosions produce
ground shocks of approximately 4 times the magnitude determined from Equa-
tion 2-6 (Reference 18), although that analysis is only for relatively
large ground motions. Since this would be a conservative estimate of the
buried explosions shown in Figure 2-14, it will be assumed in this study
that Equation 2-6 multiplied by 4 applies to deeply buried explosions.

Ground motion damage criteria are usually given as functions of ac-

celerations rather than velocities. Based on MIXED COMPANY III results
(Reference 11), velocities correspond to simple harmonic motion of a funda-
mental Raleigh wave frequency of 6 hertz, i.e., multiply Vmax by 37.7 to
obtain the value of peak acceleration. Accelerations based on Equation 2-6
are plotted on Figure 2-15 for TNT-equivalent explosive weights of
interest.

EXPLOSIVE PRODUCTS

The explosion of a charge of HE results in a hot fireball of numerous
chemical elements and compounds that are mostly in the gaseous state. Be-
cause of oxidation of the initial chemical products, the total weight of
the final products is greater than the weight of the explosive charge. For
any particular explosive, the types and amounts of chemical species can be
calculated by computer programs; the problem is in determining the best
values for the input parameters to the particular equation of state. Com-
paring computer program theoretical calculations against empirical data is
extremely difficult because laboratory tests are limited to very small
amounts of explosives exploded in a relatively small chamber. Under such
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Figure 2-15. Maximum expected ground motions from
near-surface explosions*a

conditions, the explosion products can be very different from those from a
large charge exploded in the open air.

Table 2-4 lists the predicted ideal explosion products for the types of
explosives commonly used in field tests. ANFO has essentially replaced TNT
for large charge sizes, being much less expensive. TNT and the other types
of explosives are used for smaller charges. The ANFO calculations are
based on the virial equation of state, while thecalculations for the other
explosives are based on the Becker-Kistiakowsky-Wilson (BKW) equation of
state. For types of explosives not shown here or in Reference 20, the
author of Reference 20 or some other authority should be contacted for
guidance.

Based on Table 2-4, explosives produce relatively small fractions of

chemical species that are of environmental concern in the open air. For
each of the explosive types shown; at least 90 percent of the compounds
consist of innocuous water vapor, carbon dioxide, nitrogen gas, and solid
carbon. However, it must again be stressed that the amounts of productsIthat actually result from a field test may be significantly different from
the theoretical amounts shown in Table 2-4. The calculations from Refer-
ences 20 and 21 have not been continued beyond the time when the pressure
drops below about 100 atmospheres and any reaction with oxygen in the at-
mosphere is not included. Presumably, atmospheric oxygen has also not been
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included in the calculations from Reference 19. There is disagreement on

J the significance of such conditions.

Because of the large ratio of volume to surface area for a multiton ex-

plosive charge, atmospheric oxygen may not be available to a large part of
the explosive products until the temperature has decreased (because of ex-
pansion of the fireball) to where significant chemical reactions will not
occur. Reference 19 states that reaction rates involving oxygen are suffi-
ciently slow that the explosion products may be "frozen" at roughly their
initial proportions as they expand and cool. In contrast, the informal
opinion of Dr. Harold Ring, Assistant Director of Dupont De Nemours Re-
search Section on explosives at Wilmington, Delaware, was that equation-
of-state computations do not apply for large charges exploded in the open
because virtually all of the explosion products will change to water, car-
bon dioxide, and nitrogen.

In either event, oxidation of the compounds shown in Table 2-4 will

generally tend to change potentially hazardous compounds to less hazardous
or innocuous products. Therefore, Table 2-4 can be assumed as a worst-case
from the standpoint of hazardous explosion products.

CLOUD RISE AND DIFFUSION

The heat of explosion creates a buoyant fireball of hot gases and earth
materials which rises rapidly until it loses buoyancy, continues to expand
turbulently until it reaches stabilization dimensions, and then undergoes
atmospheric diffusion as it drifts downwind. According to Church (Refer-
ence 22), explosion clouds cease to rise buoyantly within about 2 minutes
after detonation, although cloud growth by turbulence may give the appear-
ance that the cloud is still rising. Based on measurements of clouds from
22 HE charges exploded on the ground surface, Church recommends that the
maximum height of the cloud at 2 minutes be calculated from the empirical
relationship:

Ct = 508 W (2-7)

where

Ct = cloud-top height at 2 minutes after detonation (m)

W = explosive charge TNT-equivalent weight (tons).

Based on Equation 2-7, a 500-ton event would have a cloud height of
2,400 meters. However, Equation 2-7 is based on few charges in excess of
1 ton and does not give information on the cloud dimensions after turbu-
lence ceases. There is evidence that the top of the cloud produced from a
large explosion continues to rise after 2 minutes, either from buoyancy or
from turbulence, to reach a considerably greater height.



Figure 2-16 shows the cloud-top heights from four 500-ton explosions
for which cloud measurements were made. The estim&ted height of a 100-ton
explosion cloud is also shown. As can be seen, although Equation 2-7 ade-
quately describes cloud height 2 minutes after an explosion, cloud heights
continued to increase until about 5 minutes. From this data, it appears
that the maximum cloud height for a 500-ton explosion is somewhat in excess
of 3,000 meters and occurs about 5 minutes after the explosion.

4000 "j

3000-

2000-

* EVENT D (Reference 23)
1000 0 EVENT C (Reference 23)

*SNOWBALL (Reference 23)

0 DIAL PACK (Reference 24)

0 BASED ON EQUATION 2-8 FOR

A 500-TON EXPLOSION

N ESTIMATED FOR 100-TON MIDDLE
GUST IT EXPLOSION (Reference 11)

I I I
0 2 3 4 5 6

TIME AFTER DETONATION (min)

Figure 2-16. Height aboveground of largo. explosion
clouds.
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When a cloud reaches its maximum height, it has roughly a cylindrical
shape. Most clouds appear to have a bottom that is about midway between
the cloud top and the ground. For example, the DIAL PACK cloud bottom was
calculated to be about 1,500 meters above the ground.

Figure 2-17 shows the data for diameters of large-explosion clouds.
As can be seen, the DIAL PACK cloud continued to expand, contrary to most
observations in which clouds appear to contract somewhat from turbulence
before diffusing. Ignoring the DIAL PACK data, the other data seem to in-
dicate a cloud diameter of approximately 1,500 meters from a 500-ton
explosion.

Based on these limited data and assuming that cloud dimensions scale by

the 0.25 power of the charge weight, cloud dimensions can be estimated by
the following equations:

C = height to top of cloud (m) = 670 W0 .25 (2-8)

Cb = height to bottom of cloud (m) = 335 W0.25  (2-9)

Cc = height to center of cloud (m) = 500 W0 "25  (2-10)

Cd = diameter of cloud (m) = 335 W0.25 (2-11)

Cv = volume of cloud (m 3 x 10 W75 (2-12)

The cloud-top height and diameter based on Equations 2-8 and 2-11 for a

500-ton explosion are plotted on Figures 2-16 and 2-17, respectively, for
comparison with the data. For 1-ton explosions, Equations 2-8 and 2-11
give a cloud-top height of 670 meters and a cloud diameter of 335 meters,
which is roughly compatible with data on charges of this size from Refer-
ences 25 and 26. These references also indicate that charges must be con-
siderably buried before cloud sizes are significantly affected.

Cloud measurements have also been reported for MISERS BLUFF II-1, a
100-ton event, and 11-2, six 100-.ton closely-spaced charges that were deto-
nated simultaneously (Reference 27). These data, shown in Figures 2-18 and
2-19, are of considerable interest. The MISERS BLUFF II-1 cloud shows the
classic behavior of a cloud during its stabilization phase when the cloud
size is relatively unchanged until turbulence ceases and the cloud diffuses
with the winds. The MISERS BLUFF 11-2 cloud shows vertical stabilization
but continual growth in width, which may be due to the interaction of mul-
tiple clouds or to strong winds. (The cloud tracking data indicate the
cloud was moving downwind at 25 to 30 mph during the observation period.)
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iFigure 2-17. Diameters of large-explosion clouds.
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Figure 2-18. Top of MISERS BLUFF clouds. (Source: Reference 27)
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The cloud dimensions during the first 6 minutes ire in good agreement with
the other data clouds in Figures 2-16 and 2-17 and with Equations 2-8

through 2-12. The measurements of the bottom of the MISERS BLUFF 11-2cloud (the stem height) support the previous observations that the bottom

of a cloud is about midway between the top of the cloud and the ground.
Note, however, that the MISERS BLUFF observations were carried out over a
longer time period than for the previous field tests, and they indicate
that maximum cloud size at stabilization occurs later than 5 minutes after
the explosion. This indicates that Equations 2-8 through 2-12 may underes-
timate the size of an explosion cloud at stabilization. For the purposes
of environmental analyz-s, however, underestimation of an explosion cloud
is conservative because a larger cloud is necessarily more diffuse and the
concentrations of gaseous detonation products and dust at ground level
downwind would be less than for a smaller cloud size at stabilization.
Therefore, Equations 2-8 through 2-12 are still recommended for the pur-
poses of environmental analysis, until more cloud measurements from other
large-scale field tests are available to better estimate stabilized cloud
dimensions.

Most of the earth materials from a crater fall back to earth in the vi-
cinity of the crater. The earth materials in a stabilized cloud are rela-
tively fine particles that can be transported downwind with the gaseous
detonation products. Dust samples taken from the DIAL PACK cloud by air-
craft fly-throughs showed that the average dust concentration at the time
the cloud stabilizid (approximately 15 minutes after the explosion) was ap-proximately 4 mg/m and the concentration decreased inversely with time to

the 1.4 power over the measurement period of from 10 to 60 minutes follow-
ing the explosion; that is, for each ten-fold increase in time, the dust
concentration decreased by a factor of 25 (Reference 8). Based on the ap-
proximate cloud dimensions at 5 minutes of a vertical thickness of 1,500
meters and a horizontal iameter of- about 3,100 meters and the apparent
crater volume of 7,400 m , approximately 2 percent of the crater volume was
in the DIAL PACK explosion cloud at the time of cloud stabilization.

The more extensive sampling and analysis of the dust clouds from MISERS
BLUFF II-1 and 11-2 events (Reference 29) indicate much higher concentra-
Lions than the data from DIAL PACK. Figures 2-20 and 2-21 show the cloud
dimensions and concentrations from the MISERS BLUFF events at 10 and 20
minutes after the detonations, as reconstructed from the extensive data.
These dust concentrations are one to two orders of magnitude greater than
the concentration of the DIAL PACK cloud. The total mass of dust in the
I-1 cloud 10 to 2Q minutes after detonation is reconstructed to be ap-
proximately 8 x 10' grams (880 tons , which indicates approximately one-
third of the crater volume of 150 m was in the stabilized explosion cloud.
Tha total mass in the multiburst 11-2 cloud 10 to 20 minutes after detona-
tion was reconstructed to be approximately 5 x 109 grams, which also indi-
cates approximately one-third of the crater volume of 10,600 m was in the
stabilized explosion cloud.
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Figure 2-20. Reconstructed MISERS BLUFF II-1 dust cloud.
(Source: Reference 29)
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cloud. (Source: Reference 29)
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-~ The sampling data from the individual aircraft sampling passes through
the cloud and the cloud reconstruction indicate that, although the concen-
trations varied at different points in the cloud, there was no indication
of the concentrations being greater at the center of the cloud. It can be

t I

assumed that the dust mass is distributed evenly throughout the cloud at
the time of stabilization.

Since the recent MISERS BLUFF data are based on an extensive experimen-
tal program and are more conservative from an environmental impact stand-
point than the DIAL PACK results, the results from MISERS BLUFF will be
assumed in this analysis, i.e., it is assumed that one-third of the appar-
ent crater contents will be distributed evenly throughout an explosion
cloud and available for distant transport downwind as the cloud diffuses.
Cloud sampling in future field tests may clarify the considerable disparity
between the MISERS BLUFF and DIAL PACK data.

As an explosion cloud drifts downwind, it diffuses and the concentra-
tions of dust and explosive products decrease while the edge of the cloud
approaches ground level. At a certain distance downwind, which is a func-
tion of the initial height and dimensions of the cloud, the rates of dif-
fusion in the horizontal and vertical directions, and wind speed, the

exposure at ground level from this cloud will reach a maximum; at closer
distances, the cloud has not diffuse" to ground level and at greater dis- I.
tances, the horizontal diffusion dominates to reduce the exposure below themaximum. The estimated exposure at ground level directly downwind from anexplosion cloud can be calculated from Equation 2-13 which has been adapted
from Reference 30: j

EI X1 YI ZI p u 2 1
x -~-~-~ exp - (2-13)

axi ayl 'Io 1 V1  lTry a

where

E = exposure (g - sec/ni3

ofX = standard deviation of the distribution of
material in the cloud in the horizontal
downwind direction (in)

a tye o standard deviation of the distribution of
material in the cloud in the horizontal
crosswind direction ()m)

c standard deviation of the distribution of
material in the cloud in the vertical
direction (in)
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VI : volume of tqe initial cloud, i.e., at stabi-

lization (m

Q = ttal mass of the material of concern in the
cloud (gm)

u = average wind speed (m/sec)

h = height of point of release, i.e., height to
center of the initial cloud (m).

The standard deviations in Equation 2-13 are functions of the meteoro-
logical conditions and the distance of travel of the cloud. An unstable
atmosphere has a relatively large amount of vertical mixing. Such a condi-
tion results in relatively high ground level concentrations downwind and
also is less likely to duct airblast. Therefore, an unstable atmosphere is
not only a conservative assumption from an air pollution standpoint but is
also the most likely condition when detonating a large charge of explosive.

Figure 2-22 shows recommended values of the standard deviations for
cloud diffusion in an unstable atmosphere for instantaneous puffs, such as
explosion clouds. Based on these values and the values for cloud height

104°1_ iI F 1 i 4z

aAs recomended by Reference 31._

XI YI
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3  104  105

DOWNWIND DISTANCE (m)

SFigure 2-22. Standard deviations for diffusion
parameters of instantaneous puff

~in unstable atmosphere~a
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(from Equation 2-10) and for initial cloud volume (Equation 2-12), normal-
ized calculations of exposure are shown in Figure 2-23 for some charge
sizes of interest.

When the maximum values from Figure 2-23 are plotted against the TNT-
equivalent weight of the explosive charge on log-log graph paper, they form
straight lines, as shown in Figure 2-24. As this useful figure indicates,
the maximum normalized ground level exposure (i.e., the ground level expo-
sure for a unit mass of material in the cloud and a 1-m/sec wind) decreases
with increasing charge size and occurs further downwind. The actual maxi-
mum exposure depends on the initial amount of material of interest in the
cloud, the wind speed assumed, and the exposure time interval chosen.
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Figure 2-23. Normalized ground level cloud concentrations
for unstable atmosphere.
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SECTION 3

ENVIRONMENTAL EFFECTS OF EXPLOSIONS

This section describes in detail the effects of explosions phenomena on

the natural physical and biological environments and on humans and the so-
cioeconomic environment. The environmental effects are discussed in the
same order as the discussion of phenomena in Section 2, viz., airblast and
noise; craters, ejecta, and missiles; ground shock; and explosive products
and dust. Damage distances or criteria are summarized as appropriate.

AIRBLAST AND NOISE

Although many of the phenomena from a large explosion are spectacular,airblast typically determines the limits of the environmental damage. Not

only can strong airblast cause environmental damage at distances where the
effects of the other phenomena are not significant, but low-pressure air-
blast can break windows and cause excessive noise at great distances from
the explosion. The environmental effects of airblast and noise are dis-
cussed in detail in this subsection.

Close-In Effects on Animals and Humans

Most studies of airblast effects on animals (and humans) have been con-
cerned with lethality rather than threshold damage. Consequently, it is
difficult to draw firm conclusions as to the levels of airblast that might
injure wild animals to the extent that they might die from inability to ob-
tain food and water or to avoid predators. Animals can be injured directly
by airblast (primarily eardrum and lung injuries), or indirectly from tum-
bling and impact or being struck by objects propelled by the airblast.

DIRECT AIRBLAST EFFECTS. Reference 32 summarizes the results of numer-
ous experiments conducted on "large" and "small" mammals to determine le-
thality levels from direct effects of airblast. The surprisingly simple
conclusion from these experiments (for the relatively long-duration blast
waves from a large charge of HE) is that the "small" animals (all rodents
or rodent-like animals such as mice, rats, hamsters, guinea pigs, and rab-
bits), that have a relatively low ratio of lung capacity to body weight,
suffered 50-percent lethality at an average peak overpressure of 33 psi
(227 kPa). The "large" animals (none of which were rodents), or those with
a relatively high ratio of lung capacity to body weight 	ermine cussed con-
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killed by the direct effects of airblast, but may be injured to the extent
that they subsequently die of other causes. The threshold for lung damage
is roughly a factor of 5 less than the 50-percent lethality level (Refer-

i jence 32), i.e., 45 kPa for rodents and 85 kPa for "large" animals.

The above statistics correlate with experiments on birds (Reference 33)
where pigeons in flight were not injured by peak overpressures of less than
12 psi (83 kPa). Figure 3-2 summarizes the experiments of Reference 33,
from which it can be shown that the threshold of injuries to birds in
flight is estimated to be between 35 and 70 kPa, with 50-percent mortality
at 140-kPa overpressure levels.

107 _ 1_-- = I I I Ili t 1 i 1 1 1li i T- T l i I  I I I I im

6 50% MORTALITY
INJURIES //

Z ~NO INJURIES. / /

I- / f INJURIES
z

104/ , NO INJURIES

.////--
10 2 -DIRECT EFFECTS

//--DISPLACEMENT EFFECTS 5

100 101 102 10 10

RANGE (ft)

Figure 3-2. Biological criteria for birds exposed
to airblast (surface burst at sea
level). (Source: Reference 33)

The threshold for rupture of the human eardrum (and eardrums of dogs)
is approxinm3tely 20 to 35 kPa, and an overpressure of approximately 100 kPa
can be expected to rupture 50 percent of the exposed human eardrums (Refer-
ences 34 and 35). However, tolerance within and among species varies
widely. Experiments with sheep and goats showed no eardrum ruptures for
sheep at overpressures of 70 kPa, while goats suffered 55-percent eardrum
ruptures at that level (Reference 35).

INDIRECT AIRBLAST EFFECTS. The ranges of injury or lethality due to
direct effects of airblast are applicable for evaluating safe distances for
birds in flight or animals in burrows. However for animals on the ground,
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the primary mechanism of airblast damage is by tumbling or by being im-
, pacted with missiles propelled by the blast.

The 50-percent probability of lethality to small animals occurs with
impacts on hard surfaces at velocities of approximately 30 to 45 ft/sec
(Reference 36). (The 50-percent lethality values for these experiments
were 39.4 ft/sec for mice, 43.5 ft/sec for rats, 31 ft/sec for guinea pigs,
and 31.7 ft/sec for rabbits.) Statistical analysis indicated the 1-percent
mortality level from impact occurs at velocities of 25 to 32 ft/sec. Based
on analysis of suicide attempts by humans jumping from heights, the 50-per-
cent lethality for humans is estimated to occur at impact velocities of ap-
proximately 54 ft/sec, and the 1-percent mortality is estimated to occur at
impact velocities of roughly 20 ft/sec, with the mortalities of large ani-
mals, such as pigs and dogs, occurring at higher impact velocities (Refer-
ence 37). Experiments with dogs indicated 50-percent lethality at impact
velocities of 64 ft/sec (Reference 37).

Potentially lethal velocities can be related to airblast overpressure
through the acceleration coefficient of the animal. The acceleration coef-
ficient is related to the total weight of the animal. with heavier animals
having lower acceleration coefficients. References 38 and 39 give broad-
side acceleration coefficients for mice, rats, guinea pigs, and rabbits of
approximately 0.4, 0.2, 0.15, and 0.08 ft2/lb, respectively. For a 50-
pound, four-legged animal, extrapolation of the small animal data indicates
an acceleration coefficient oftpproximately 0.04 ft4/lb when facing the
blast and approximately 0.02 ft/lb when sideways to the blast.

Reference 40 relates acceleration coefficients and maximum velocities
to peak overpressures from a 500-ton HE burst on the ground surface. Table
3-1 summarizes the above information and indicates that 1-percent lethality
due to impact against hard surfaces can be expected for overpressures vary-
ing from about 20 kPa for a small animal such as a mouse to greater than 55
kPa for a 50-pound animal, and 50-percent lethality can be expected for
overpressures varying from 28 kPa for a mouse to greater than 140 kPa for a
50-pound animal. For a man facing the blast, 1-percent and 50-percent le-
thality occur at peak overpressures of 50 and 110 kPa, respectively. The
experimental results for birds, summarized in Figure 3-2, indicate that the
threshold of injury for birds impacting against a hard surface occurs for
weights of TNT that correspond to peak overpressures of approximately 14
kPa.

Summarizing Table 3-1, at distances where peak overpressure is less
than 20 kPa (3 psi), few--if any--animals should be killed by translation
and impact due to airblast. At distances where peak overpressures vary
from 20 to 40 kPa (3 to 6 psi), some of the small animals in the open can
be expected to be killed by translation and impact. At closer distances,
fatalities of any larger animals can occur, with the probability of fatal-
ity increasing rapidly at distances where the peak overpressure is greater
than 70 kPa (10 psi).
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Small stones and other objects that are picked up by the airblast can
be propelled at sufficient velocities to injure or kill animals they
strike. However, the range at which injuries due to airblast-translated
missiles (not missiles propelled from the crater, which are discussed else-
where) can occur is generally within the lethal range of translation and
impact by airblast. For exampl , a 4-ounce stone with a typical a'celera-
tion coefficient of 0.07 ft/sect (Reference 38) can be picked up and
achieve a peak velocity of 25 to 30 ft/sec during translation (which is the
threshold of lethality due to tumbling and impact) at distances where the
airblast peak overpressure is roughly 50 kPa. However, it is likely that a
higher velocity would be required to produce a lethal wound; for example,
Reference 40 indicates that momentums greater than 100 ft-lb/sec are re-
quired to produce skull fracture in humans (e.g., 400 ft/sec for 1/4-pound
objects). Reference 41 predicts approximately one skin penetration to a
human behind a window exposed to 7 kPa peak overpressure, but no penetra-
tions of the body wall are predicted for overpressures less than about 40
kPa.

In sumiary, the primary damage mechanism to animals on the ground and
in the open can be expected to be from translation by airblast and subse-
quent impact. Animals in burrows and birds in flight at close ranges can
be injured by direct airblast effects. Serious injury or death from air-
blast-induced missiles is not likely to occur beyond the distances where
translation and impact is the primary damage mechanism.

Close-In Effects on Vegetation
Reference 42 summarizes the predicted effects of airblast on trees,

based on theoretical and empirical data. Damage to trees, expressed as the
percent of trees downed, is a function of type and class of tree, height of
tree (for conifers), and type of site. Figure 3-3 summarizes the informa-
tion in Reference 42 for explosive yields of from 50 to 600 tons. Most HE
tests are conducted at arid or semiarid sites where trees, if any, have
sparse foliage and extensive root systems. Under such circumstances, few
trees should be downed at peak overDressures less than 5 to 10 psi (35 to

70 kPa) from a 500-ton burst, i.e., beyond about 300 to 400 meters.

~Tree limbs and smaller vegetationcan be expected to be broken at lower

overpressures than indicated in Figure 3-3. The vegetation found in the
semiarid areas usually selected for HE tests typically have few leaves and
extensive root systems and are adapted to high desert winds, and thus are
quite resistant to damage by airblast. The winds accompanying an ideal
airblast wave of 1-, 2-, and 3-psi peak overpressure correspond to very
short-duration wind gusts of approximately 35, 70, and 100 mph. Therefore,
little damage to vegetation is expected for peak overpressures less than j~about 3 psi (20 kPa.
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Close-In Effects on Structures

Field tests are usually conducted in isolated areas with few, if any,
manmade structures in the nearby vicinity, except those that pertain to the
test. Also, many of the structures in field test areas (e.g., utility
lines, fences) lack the broad surfaces that are most vulnerable at rela-
tively low peak overpressures; such types of structures are typically not
damaged by overpressures less than at least several tens of kPa from a
large HE burst. Glasstone (Reference 43) shows damage/distance relation-
ships for various types of structures exposed to nuclear explosions. These
nomographs indicate that wood-frame buildings typically are badly damaged
at lower overpressures than are bridges, vehicles, utility lines, or other
types of buildings. A wood-frame house exposed to airblast peak overpres-
sure of about 10 kPa will require major repairs. This conclusion is sub-
stantiated by References 44 and 45.

Reference 44 indicates that interior partitions of wood-frame buildingsbegin to fail at about 7 kPa and exterior walls begin to fail at about 10

kPa. Major reconstruction is required after exposure to overpressures
greater than 10 kPa. Reference 44 also indicates that most light walls of
other types of buildings will withstand peak overpressures less than about
7 kPa and damage will be primarily limited to windows, doors, shingles,etc.

Damage to houses exposed to nuclear and HE field tests is summarized in
Reference 45. In these tests, 11 houses (mostly two-story, wood-frame)
were exposed to peak overpressures between 1.1 and 2 psi (7.6 and 14 kPa).
At 7.6 kPa, damage was cosmetic in nature, while above about 9 kPa most of
the houses suffered damage to the frames of the walls and roofs. Damage
could be expressed by the following relationship:

percent damage = 0.133 (peak overpressure in kPa)1.8 (3-1)

e.g., at 6.8, 10.3, and 13.8 kPa (1, 1.5, and 2 psi), a house will suffer
about 4-, 9-, and 15-percent damage, respectively.*

As described by Glasstone (Reference 43), mobile homes in past field
tests have suffered only light damage at 7-kPa overpressures. At 12-kPa
overpressure, damage has been more significant but, on the whole, not of aserious nature.

S* Unfortunately, Reference 45 relates damage to new construction costs,

rather than repair costs; i.e., each component of the house was given a
cost equivalent to its material and labor for original installation.
Percent of damage is given as the sum of these incremental material and
labor costs for each damaged item divided by the total cost for building
the house. Labor for repair would be expected to be greater than labor
for new construction.
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In summary, the structural integrity of most structures is not threat-
ened by overpressures less than 10 kPa. At higher overpressures, damage
to most types of buildings increases rapidly. Seven kPa is about the
threshold of failure for light exterior walls and interior partitions Of
buildings. Below 7 kPa, damage is limited to sensitive features of build-
ings such as windows and plaster.

Explosives Safety Standards

Department of Defense (DOD) Directive 5154.AS, DOD Ammunition and Ex-
elosives Safety Standards, establishes uniform safety standards an-polTcy
or ammunition and expi-osives. DOD HE field tests must be conducted in ac-

cordance with this directive. This directive requires certain separation
distances between explosives and buildings, vehicles, and areas that might
be inhabited. The regulations are detailed but can be summarized for the
purposes of an environmental impact study as follows:

£ 1. Military or nonmilitary buildings that might be inhab-
ited must be separated from explosives at a distance
that corresponds to an airblast peak overpressure of
no more than 1.2 psi (8.3 kPa)

2. Areas that people might inhabit in the open or in
ground vehicles must be separated from explosives at a
distance that corresponds to an airblast peak over-pressure of no more than 2.4 psi (16.5 kPa).

Greater separation distances are required where shrapnel might be the domi-nating hazard, but this is of concern only for smaller amounts of explo-
sives than are generally used in HE field tests.

Distant Airblast ard Noise

The preceding statistics show that damage to animals and vegetation is
unlikely beyond about 600 meters from the explosion of 500 tons of TNT, and
significant damage to structures is limited to buildings within about 1,300
meters of the explosion. Since most field tests are at remote and rela-
tively barren sites, environmental impact from close-in effects of airblast
is usually not significant. The primary concern in most HE field tests is
the potential for causing "nuisance damage" to buildings (cracking of win-
dows, plaster, and other brittle surfaces) and excessive noise in popula-
tion centers at long distances from the field test site, particularly if
meteorological conditions are not favorable. Even under normal meteorolog-
ical conditions, a large-yield explosion can cause damage tens of miles
distant. Even a charge as small as 1 pound exploded under a temperature
inversion can cause nuisance damage in a population center more than a mile
(1.6 kilometers) distant and cause noise complaints out to nearly 2 miles(3.2 kilometers) (Reference 46).
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EFFECTS ON STRUCTURES. Window glass failure can occur at a lower over-
pressure level than any other type of structural material. An earlier Bu-

t reau of Mines report, based on small-charge data, recommended a "safe"
airblast overpressure level of 0.5 psi (3.5 kPa) (Reference 47). Nuclear
test experience indicates, however, that the approximate threshold of win-
dow glass breakage is 150 Pa (0.02 psi) peak incident overpressure. Sonic
boom studies indicate that although windows can be broken at incident over-
pressures less than 150 Pa, the probability of breakage is very small (less
than approximately one in a million) (Reference 48). Subsequent analysis
indicates that windows can be broken at extremely low overpressures, but
with a small probability, depending on such factors as the quality of the
glass and the mounting of the panes. Although properly-mounted, good-qual-
ity glass is quite resistant to breakage, flawed or stressed window glass
is easily broken. For example, laboratory tests with shock waves and field
experiments with sonic booms required overpressure levels above 1 kPa to
break windows (References 49 and 50). On the other hand, studies of sonic
boom effects show that overpressure levels below 100 Pa can break signifi-
cant numbers of glass panes of greenhouses, which are often of low strength
and flawed or stressed (Reference 51).

Reed has continued to work extensively in the field of distant airblast
phenomena and damage assessment and has developed a relationship between
pressure and window damage that seems to fit the available data for both
relatively high and low overpressures (Reference 1). The relationship is
based on the assumption that the logarithms of the deviations from the mean
value are normally dis tributed, i.e., the probability of damage can be de-

termined from integration of a log-normal statistical distribution. Using
the values recommended by Reed, a mean value of an incident peak overpres-
sure value of 7.5 kPa (i.e., on the average, 7.5 kPa can be expected to
break 50 percent of exposed windows) and a log-normal standard deviation of
2.5, the probability function takes the form of the expression:

1 1 [,nAP- Zn 7. 2532Lexp - 2n (3-2)
ij2i

where Ap is the incident peak overpressure in kPa. The term in brackets
corresponds to the variable used to compute probabilities under a Gaussian
statistical distribution. By applying Equation 3-2 to statistical tables
for Gaussian distributions, the relationship between recorded peak over-
pressures and the probability of breaking a single randomly-chosen window
is as shown in Figure 3-4. Figure 3-4 predicts about one window in 1,000
will be broken by an incident overpressure of 400 Pa and about one window
in a million will be broken by an incident overpressure of 100 Pa.

These values are more conservative than some damage estimates for sonic
booms; Reference 52 indicates that less than one window in 10 million can
be expected to be broken by sonic boom overpressures of 125 kPa, and Refer-
ence 53 indicates that approximately one window in 100 million might be
broken by an overpressure of 125 kPa.
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are best estimate of the number of window panes per capita in an ur~a.o

area is an average of 19 panes per person, based on a survey of San Anto-
nio, Texas, in 1963 following an accidental explosion of 57 tons of HE at
the Median Base which broke over 3,000 windows in the city. Based on this
estimate, the extreme left-hand scale of Figure 3-4 estimates the number of
broken windows (per human population of 1,000) that can be expected in a
population center at any given magnitude of incident airblast peak over-
pressure. An overpressure of a few hundred Pa can cause a very large
amount of window damage in urban and suburban areas, which may have popula-
tion densities of thousands or tens of thousands of people per square mile.

Quantitative data on distant airblast magnitudes that can damage his-
toric buildings, archaeological features, and significant natural physical
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features or that could cause rock or snow slides are sparse. Most such in-
formation comes from sonic boom experiments and analyses and is summarized
in References 51 and 54. The consensus is that the nominal sonic boom peak
overpressure magnitude of 100 to 200 Pa is only one of the sources of vi-
bration that contributes to the "ageing" of a structure (or a natural fea-
ture) to the point where damage might occur.

As shown in Section 2, airblast in excess of 100- to 200-Pa peak over-
pressure can occur over very large areas, hundreds or thousands of square
miles of area in the case of a large-yield explosion. Lower overpressures
are comparable with close thunder ?135 dB or 100 Pa) (Reference 55). While
it is very unlikely any significant natural or historical feature would be
directly damaged by airblast peak overpressures of a few hundred Pa, the
possibility cannot be ruled out. Following exposure to numerous sonic
boom,-, overhanging cliffs fell at Canyon de Chelly National Monument, dam-
aging cliff dwellings, and 10 to 15 tons of earth and rock fell near one of
the main trails through the rock formations at Bryce Canyon National Park
(Reference 54).

The threshold for possible flight hazard to light aircraft and helicop-
ters is approximately 1.4 kPa (0.2 psi) (Reference 1).

EFFECTS ON HUMANS AND ANIMALS. Much of the information on the effects
of impulsive noise on humans and other animals comes from studies of sonic
booms, which typically have peak overpressure magnitudes of 100 to 200 Pa.
Although there have been numerous claims of adverse effects on domesticated
animals from sonic booms, no controlled study has indicated any significant
lasting adverse effects on wild or domesticated animals exposed to occa-
sional sonic booms of 100- to 200-Pa magnitude. References 56, 57, and 58
summarize the pertinent studies. (A case of extensive hatching failure of
Dry Tortugas Sooty Tern eggs was attributed to sonic boom, but the conclu-
sions were based on supposition. Sonic booms in subsequent years did not
significantly disturb the same nesting colony. According to Reference 58,
the researcher has since concluded that simple disturbance by sonic booms
was not an adequate explanation for the hatching failure.)

Although humans can be annoyed and startled by a typical sonic boom.
there is no evidence of any significant lasting adverse effects. A tran-
sient degeneration in hearing at conversational frequencies and tinnitus,
or "ringing," can be produced by an impulse sound level of 160 dB (2 kPa)
(Reference 55). Based on past experience, a recorded peak-to-peak pressure
amplitude of about 100 Pa (about 36 Pa peak incident overpressure) corre-
lates fairly well with the thresholds of complaints by the public exposed

to blast noise (Reference 46).
Data regarding the effects on living organisms exposed to occasional

impulses of magnitudes above a few hundred Pa are not plentiful. Eggs ex-
posed repeatedly to impulse levels of 3 kPa (0.44 psi) hatched normally and
the hatched chicks were normal (Reference 56). No significant lasting
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adverse effects were observed in humans exposed to a series of extremely
high-level sonic booms (3 to 7 kPa, or up to 1 psi) (Reference 59). Al-
though hearing acuity was not physically measured, the subjects reported no
indication of any observable symptoms of hearing loss or other ear involve-
ment. In this same experiment, no significant adverse effects on livestock
were observed.

In summary, there is no firm evidence to indicate that occasional im-
pulse sounds below the level that will produce physical damage to living
organisms produce any lasting significant adverse effects.

NOISE STANDARDS. The Environmental Protection Agency (EPA) has judged
that exposure to less than 145-dB (0.05-psi or 350-Pa) impulse noise no
more than once per day is "acceptable" in that hearing damage will not re-
sult (Reference 60). The occupational limit for industrial workers is 140
dB (0.03 psi or 200 Pa) (Reference 61). These noise levels can be exceeded
many miles away from a large-yield explosion.

Technically, distant blast noise qualifies as impulse noise because
neither References 60 nor 61 make any allowance for rise time or frequency
spectrum of the impulse. However, noise from distant explosions is predom-
inantly low frequency, mostly below 10 Hz, against which the ear strongly
discriminates. On the A-weighted scale, which approximates the relative
response of the human ear to frequencies, the ear discriminates against a
frequency of 10 Hz by about 70 dB. In other words, a 10-Hz frequency hav-
ing a sound pressure level of 145 dB would be perceived by-a listener as
having a magnitude of approximately 70 dB less, i.e., 75 dB. Distant air-
blast may therefore have an unweighted sound pressure level that exceeds
recommended limits of 140 or 145 dB, but which is of such low frequency
that the ear discriminates against it to the extent that the noise level is
not greatly disturbing to the average person and may not be perceived by
some people. (Annoyance from low-frequency shock waves is often related to
rattling of windows and other building components, rather than hearing the
shock wave directly.)

I The recommended limit of 145 dB to the general public is not a law.

The Occupational Safety and Health Administration (OSHA) limit of 140 dB
presumably applies to personnel at test sites, but was designed for indus-
trial conditions where hearing loss can occur to workers repeatedly exposed
to impulsive noise. Carried to the extreme, many actions involve noise
levels that exceed the OSHA limit. For perspective, the ear of a person
firing a handgun is exposed to sound pressure levels of from 140 to 170 dB,
or nearly 7 kPa (Reference 60).

Damage Distances
Table 3-2 summarizes threshold levels for damage from airblast. In

Figures 3-5 and 3-6, levels are overlaid on the graphs of airblast peak
overpressures versus distance that were developed in Section 2 to
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Table 3-2. Summary of airblast damage threshold levels.

Corresponding Incident
Effect Peak Overpressure Level

Threshold of lethality

Small animals in the open 20 -40 kPa

50-pound animal in the open >55 kPa

Small animals (rabbits or smaller) in burrows 190 kPaa

Larger animals in burrows 320 kPaa

Threshold of lung damage to animals in burrows

Small animals 45 kPaa

Large animals 85 kPaa

Threshold of eardrum rupture to animals in 20 - 35 kPa

the open

Threshold of injury to birds in flight 35 - 70 kPa

Toppling of trees (small leaves or defoliated 35 - 70 kPa
or light crowned)

Damage to small vegetation or tree branches 20 kPa

Damage to building walls/roofs 7 kPa

Skin penetrations from broken windows 3.5 kPa

Flight hazard to light aircraft 1.4 kPa

Window breakage (one window for each 1,000 of 200 Pa

human population)

Impulsive noise level limit for industrial 140 dB
workers by Occupational Safety and Health (0.2 kPa)
Administration (OSHA)

Tinnitus or "ringing" of ears 160 dB
(2 kPa)

aThe peak overpressure levels shown are the levels that occur with-
out reflections. Airblast filling a burrow can produce pressures
that are 2 to 3 times these values and are sufficient to result in
the effect that is described.
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illustrate potentially significant damage distances. As can be seen in
Figure 3-5, it is unlikely that animals will be killed or severely injured
beyond about 600 meters from a 500-ton explosion. Damage to buildings (ex-
cept architectural damage to windows, shingles, etc.) is unlikely beyond
about 1,300 meters from such an explosion. Aircraft in flight, hearing of
humans (and presumably animals), and windows can be adversely affected at
great distances, as indicated in Figure 3-6 for a calm, nonrefracting at-
mosphere. For a charge exploded when gradient conditions exist, these cri-
teria distances will be less than shown. If meteorological conditions that
amplify airblast exist, however, criteria distances are increased approxi-

mately proportional to the increase in overpressure, e.g., if the over-
pressures should be double those shown in Figure 3-6 for nonrefracting
conditions, criteria distances would also be approximately doubled.

CRATERS, EJECTA, AND MISSILES

The cleanup phase of an HE field test typically includes filling any
explosive crater with the ejecta and other native earth materials. The fi-

4nal result is a small area of bare land that slowly returns to a natural
state. Should the crater intersect the water table, it will cause some
slight effect on the local hydrology, but such effects do not extend beyond
a few crater radii.

For a 500-ton field test, the total land area covered by continuous
- f ejecta from the crater typically amounts to approximately 10 acres. Since

the airblast within this area is in excess of 100 psi (700 kPa), however,
*any damage that might have occurred from ejecta is dominated by destruction

from the airblast. There is no environmental significance to the ejecta
beyond the continuous range, except for the possibility of damage from
missiles.

fwMissiles can be propelled very long distances, although, in fact, very

few missiles have been found beyond 1 kilometer from GZ of previous field
tests. Figure 3-7 can be used to estimate the hazard from missiles. As
this figure indicates, a 500-ton HE charge could theoretically propel rock
ejecta several kilometers. However, the odds are only 1 percent that a
person standing in the open 600 meters from the charge would be struck by
such a missile, and these odds would be even lower for striking an animal
or other object smaller than a human. The corresponding airblast at 600
meters would be 20 kPa, which is the threshold of lethality to small ani-
mals and the threshold of eardrum rupture. Therefore, it can be assumed
that airblast will again be the dominant damage mechanism.

AGROUND SHOCK

Damage criteria for manmade structures, natural geological features,
and animals and humans that are exposed to ground motions from explosions
are developed in this subsection. The criteria are developed in consider-
able detail and in a conservative manner because of previous concern aboutif
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effects of ground shock on such critical structures as dams and aqueducts.
For situations where criteria have not been established, the potential for
damage can be assessed by comparing the ground motions to those that com-
monly occur in the environment, such as ground motions from earthquakes or
road traffic.

Earthquakes

GROUND MOTIONS FROM EARTHQUAKES. Intensity on the Modified Mercalli
Scale (IIM) is commonly used to describe the effects of an earthquake. On
this scale of whole numbers from I to XII, the effects of earthquakes are
described in narrative fashion. As can be seen from the abridged Modified
Mercalli Scale in Table 3-3, slight damage to the most sensitive building
elements occurs at an intensity of V and damage becomes more severe at
greater intensities. (Intensity is a function of the distance from the
earthquake epicenter, with intensity decreasing at greater distances.)

There have been various attempts to relate IMM values to ground mo-
tion parameters. Three such relationships are given in Equations 3-3
through 3-5 below, from References 62 through 64, respectively:

log a = IMM/3 - 0.5 (3-3)
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I MM = log 14v/log 2 (3-4)

log a : 0.25 1 + 0.25 (3-5)

where

a peak particle acceleration in cm/sec
2

(except in Equation 3-5, it is the peak
horizontal component)

v : peak particle velocity in cm/sec

IMM= Modified Mercalli Scale values.

Based on Equations 3-3 through 3-5, earthquake-induced ground motion
velqcities of approximately 2 to 4 cm/sec and accelerations of 15 to 30 cm/
sec correspond to an IMM value of V, the threshold of slight architec-
tural damage.* One can be confident that ground motions of these magni-
tudes caused by chemical explosions will not cause significant damage
because of their relatively short duration and higher frequency, compared
to earthquakes.

INITIATION FROM EXPLOSIONS. There has been concern as to whether un-derground nuclear tests can initiate a natural earthquake that would have
more energy and, thus, be more destructive than the ground motions from the
explosion itself. In past underground nuclear tests at the Nevada Test
Site (NTS), including explosions over 1,000 times larger than the largest
HE tests, very few aftershocks have been found to originate beyond a dis-
tance of 20 kilometers (12.4 miles) from the explosion, according to the
EIS for the NTS (Reference 66), which further states:

The possibility of causing premature release of a large
earthquake, with consequent destructive effects, cannot be
absolutely ruled out, even though it appears very unlikely.
A panel of scientists and engineers has recently examined
this question and concluded, on the basis of test experience,
that an explosion will not trigger a large earthquake (i.e.,
one releasing as much or more seismic energy than the explo-
sion itself) unless the test is detonated near a fault on
which an earthquake of this magnitude is imminent.

* Based on Reference 65, the ratio of a/v is approximately 5 to 11 for mod-
erately strong earthquakes (magnitude 6.5) in soils. An average value of8 is assumed to relate accelerations to velocity, i.e., a fundamental
frequency of 1.3 Hz.
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Based upon Reference 67, 600 tons of TNT buried and exploded in alluvium
has a seismic magnitude of approximately 2.5. Experience with earthquakes
in California indicates that a typical earthquake of this magnitude would

* be barely felt and would produce IIM intensities of less than III at the
epicenter (Reference 62), intensities that are not damaging to even the
most sensitive manmade structures. Thus, initiation of a significant
earthquake by a chemical explosion does not seem to be a credible
possibility.

Effects on Buildings

Based on the results of a 10-year program to determine ground vibra-
tions from blasting and their effects on structures, the U.S. Bureau of
Mines established a criterion of 5 cm/sec for peak particle velocity ground
motions to ensure no damage to residences (Reference 68). Vibrations from
blasting cannot exceeo a velocity vector magnitude of 5 cm/sec at any point
in the ground near the foundation of a residence. As cited in Reference
68, earlier studies indicated that fine plaster cracks began to occur at
ground motions from blasting of from 5 to 10 cm/sec.

Examination of Soviet Union blasting criteria in Table 3-4 indicates

general agreement with the U.S. Bureau of Mines criterion for residences.
In general, then, a safe blasting criterion to buildings and other struc-
tures is 3- to 5-cm/sec peak ground motion velocities, except perhaps for
"large-panel buildings" where a criterion of 1.5 cm/sec is recommended
based on Soviet experience. These criteria for transient ground motions
from blasting are consistent with recommended limits to rotating machinery
and machinery foundations of 2.5 cm/sec at steady-state frequencies below
approximately 2,000 rpm (Reference 69).

These ground motion criteria of 1.5 to 5 cm/sec, or less, to assure no
damage to buildings are met beyond relatively close distances from HE field
tests, where damage from airblast predominates. For example, these crite-
ria were met at distances beyond 700 to 1,500 meters from the 500-ton MIXED
COMPANY III field test where the airblast peak overpressures of 14 to 5 kPa
would have caused significant damage to buildings.

Initial experience with nuclear weapons testing seemed to indicate that
a threshold for producing small cracks in plaster was approximately 20 cm/
sec for newly-constructed residences and 10 cm/sec for older residences
(References 70 and 71). The prevailing concept of a nuclear damage thresh-
old between 5 and 10 cm/sec to structures, in conformance with experience
from blasting with HE, was "rudely shattered" in 1964 by the SALMON nuclear
test, a 5-KT underground test, when valid damage claims were received where
it was certain that the ground motions were less than 5 cm/sec (Reference
72).

It now appears that there were at least three reasons why the SALMON
nuclear test produced damage at considerably lower ground motion magnitudes
than was expected, based on experience with HE and limited nuclear blast
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Table 3-4. Soviet Union explosion-induced ground
motion criteria-a

Maximum Permissible
Ground Motion

Structure Velocities (cm/sec)

Brick buildings 5

Cinder-block buildings 3

Large-panel buildings 1.5

Large-block buildings 3

Brick buildings with suspended ceilings 3

Lightweight wooden buildings 5

Mine head work. with suspended panels 5

Reinforced concrete pipe 5

Brick pipe 3

Earthquake-proof buildings with a resistance 10

of 7 on the S.V. Medvedev scale

Earthquake-proof buildings with a resistance 15
of 8 on the S.V. Medvedev scaleIa
aMironov, P.S., Yu. P. Shchupletiov, and B.S. Pyatunin, "Seismic
Vibrations During Explosions and Problems of Earthquake Safety of
Buildings and Structures," a translation, Report FTD-HC-23-1571-
77, Foreign Technology Division, Air Force Systems Command, U.S.
Air Force, Wright-Patterson Air Force Base, Ohio, 20 June 1974.

experience. The SALMON ground shock motions were of long duration--on the
order of 90 seconds (Reference 73); the longer a given magnitude of a
ground motion persists, the greater will be the damage. Secondly, a given
ground motion criterion level occurs at a greater distance from a typical
nuclear explosion than would occur from a relatively small-yield chemical
explosion. At greater distances, the higher frequency ground motions are
more rapidly attenuated and lower frequencies predominate which are on the
order of the fundamental frequencies of buildings and some other manmade
structures. Thirdly, the SALMON test was conducted in the vicinity of sev-
eral small towns where the relatively large number of structures provided a
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sufficient data base to reveal that damage can occur at very small ground
motion magnitudes, although with a low probability of occurrence. Due to
settling and "ageing" of structures, some sensitive building members such
as plaster or masonry walls become weakened and stressed to the point where
an additional small stress is sufficient to cause failure.

Since the Bureau of Mines and Soviet Union criteria of 1.5 to 5 cm/secare primarily based on HE charges that are very small compared to the mul-

titon charges used in HE field tests, it is prudent to base damage predic-
tions from such military field tests on experience with ground motions from
nuclear explosions.

New damage criteria were developed from additional studies following
the SALMON event and applied to structures in the vicinity of the 40-KT
RULISON underground nuclear test. Table 3-5 summarizes the ground motion

,B- ( measurements in the towns near RULISON and T&ble 3-6 summarizes the result-
ing damage. Figures 3-8 and 3-9 are plots of the data in Tables 3-5 and
3-6 showing the frequency of credible complaints as a function of peak
ground motion velocities and accelerations. Based on these data, 1 pecent

of the residences exposed to ground motions of approximately 20 cm/secL
peak acceleration will suffer slight architectural damage like fine cracks
in plaster. Subsequent analysis has resulted in a criterion that ground
motions from underground nuclear testing sbould not exceed a peak horizon-
tal ground motion acceleration of 5 cm/sec to preclude damage to unusu-
ally sensitive buildings and other structures (Reference 74). Assuming
simple harmonic motion waves from large-yield HE charges (Reference 75),
this criterion occurs at a horizontal peak particle velocity of approxi-
mately 0.13 cm/sec.

Based on Equations 3-3 through 3-5, 5 cm/sec2 corresponds to an earth-
quake intensity of from approximately 1 to 3.5 on the Modified Mercalli
Scale, which might be felt but which will not produce any physical damage
to structures (see Table 3-3).

Effects on Other Structures and Natural Geologic Features

All other criteria for damage from ground motions are within the most
conservative criteria of 5 cm/sec2 or 0.13 cm/sec for "unusually sensi-
tive structures," as given in Reference 74.

As shown in Table 3-4, Soviet Union blasting criteria for mine head-

works with suspended panels and reinforced concrete pipe are 5 cm/sec,
while the criterion for "brick pipe" is 3 cm/sec.

Based on surveys of structures in the vicinity of nuclear explosions,
wells are relatively invulnerable to damage by groynq shock. Reference 71
recoimmends a damage threshold of greater than 18 W I/ meters for cased
holes in alluvium where the explosion is also in alluvium (W is the explo-
sive yield in tons); e.g., for a 500-ton fully-contained explosion, cased
wells in alluvium beyond 145 meters will not be damaged.
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Table 3-5. Ground motion measurements near RULISON nuclear
underground test. (Source: Reference 74)

'' 1 Peak Vector Ground MotionSlant --

Range Acceleration Velocity Displacer.. nt

Location (km) (cm/sec2) (cm/sec) (cm)

Grand Valley 10.6 540 8.27 0.236

Rifle

Union Carbide 18.0 170 3.57 0.139
Church 20.2 94 3.13 0.106
Top of Hill 20.2 135 3.77 0.410

De Beque

Station No. 1 22.8 100 2.20 0.099
Station No. 2 22.8 159 4.68 0.206

Collbran 18.8

Silt (radial 29.8 33 1.34 0.068
component

Table 3-6. Building count and damage data from RULISON ground
motions (incomplete). (Source: Reference 74)

Number of Credible Percent of
Buildings Damage Buildings Total

Location Exposed Complaints Damaged Damage

Grand Valley 146 77 52.7 $15,044

Rifle 759 75 9.9 18,995

De Benue 102 6 5.9 1,320

Collbran 127 6 4.7 1,864

Silt 194 4 2.1 235
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Reference 71 does not give a threshold criterion for steel storage
tanks but predicts severe damage to tanks of light construction at ground

! motions of 80 cm/sec. There was no damage to 10 small privately-owned wa-
ter and fuel tanks located within 8 kilometers of the GNOME event, a 3-KT
nuclear explosion fully contained in salt (Reference 71).

The threshold of structural damage to rigid-frame prefabricated build-
ings is in excess of 150 cm/sec, while the threshold of structural damage
to small plywood buildings is 150 cm/sec (Reference 71). Instrumentated
trailer vans on styrofoam pads have a damage threshold in excess of 300 cm/
sec, while some types of light-wheeled heavily-loaded trailers suffer se-
vere damage at 100 cm/sec. Other types are undamaged at greater ground mo-
tions (Reference 71). At 30 cm/sec, light objects can be thrown about
(Reference 71).

A large number of 25-foot wooden utility poles erected in concrete
bases at GZ of the GNOME event were undamaged (Reference 70). Two old
8-inch-diameter, guyed, 50-foot steel towers located approximately 300 me-
ters from GZ of the BILBY event (a 200-KT fully-contained nuclear explo-
sion) were undamaged although their foundations were cracked and the guy
wires were slack (Reference 70). A light 200-foot, guyed communication an-
tenna about 600 meters from GZ of the GNOME event was not damaged (Refer-
ence 70). A switching station 365 meters from the BILBY event suffered no
significant damage to electrical equipment, the only damage being a slight
twist to the angles on which the heavy equipment was mounted (Reference
70).

Reference 76 describes an HE test where a 1/4-scale model of a 24-inch-
diameter pressurized pipeline was subjected to ground motions that should
have been on the order of several g's. The pipeline was not significantly
damaged.

Following the BILBY underground nuclear test, cracks in the 3-inch-
thick asphalt paving on a 45-degree angle bunker slope were found to have
opened up and the majority of he asphalt slid down 1 to 2 feet, where the
ground motions were 735 cm/sec and 70 cm/sec. Rock slides from RULISON
werg restricted to areas where the ground motion was in excess of 20 cm/
sec .. The few rock slides that did occur were small in size and were
where rock slides occur several times a year (Reference 77).

Groundwater can be affected if the water table is confined by bedruck
(either supported as in the case of a perched water table, or suppressed as
in the case of an artesian head beneath a rock layer) and the bedrock is
fractured to the extent that significant amounts of groundwater can flow
through the fractured rock to a different elevation. For explosions on
rock, Reference 10 suggests that the vertical limit for rupture is about
3 times the depth of the true crater, and the vertical limit for displace-
ment (opening or closing of rock joints) is about 4 times the depth of the
true crater. For a near-surface HE explosion on rock, the true crater
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depth is typically not quite double the apparent crater depth; therefore,
the vertical fracture zone for rock is approximately 6 times the apparent
crater depth and the vertical displacement zone is approximately 8 times
the apparent crater depth. Based on Equations 2-3 and 2-5 (see Section 2)
the vertical limit for fracturing of rock (assuming a zero height-of-burstO
would thus vary from about 8 meters for a 1-ton explosion to about 60 me-
ters for a 500-ton explosion and the corresponding limits of displacementI. would be from about 10 and 75 meters, respectively. These values can be
assumed as maximum limits for damage to bedrock beneath a layer of soil
(unless the charge is significantly buried) because the soil layer will at-
tenuate the shock to a greater extent than if the medium were entirely
rock. In summary, if bedrock is at a lesser depth below the ground surface
than indicated by the above approximate figures, the bedrock might possibly
be damaged by a near-surface explosion. However, such damage has no envi-
ronmental significance unless the bedrock is supporting or restraining a
water table.

Effects on Animals and Humans

Reference 78 summarizes the observations of wildlife and domesticated
animals exposed to ground motions from underground nuclear explosions.
Physical damage to such animals has never been observed, even though the
ground 3motions were several g's in some instances (1 g equals nearly 1,000
cm/sec ). For example, cows and calves located near GZ of the CLEARWATER
underground nuclear test suffered no physical damage at ground motions of
from 2.5 to 4 g's and 140 to 230 cm/sec, although one cow was knocked to
its knees. Other tests on cattle, horses, deer, and elk at lower ground
motions had essentially negative results. The milk production of lactating
cows was unchanged after exposure to ground shock. Studies specifically
designed to determine the effect of ground shock on subsurface animals,
plant roots, and microbes produced .essentially negative results for blast-
like pressure pulses (References 79 and 80).

The following ground motion criteria wer established for the RULISON
underground nuclear test: 0.3 g (300 cm/secP) as the level at Which direct
body hazard to humans might occur from falls; 0.05 g (50 cm/sec4) for over-
reaction from sch~ol children, etc. to perception of ground motion; and
0.005 g (5 cm/sec ) for unexpected perception of ground motion by per-
sons in vulnerable positions, such as on ladders (Reference 74). At the
frequency of 6 Hz, human perception to ground motions ranges from "intol-
erable" at 3 cm/sec, to "very unpleasant, annoying" at I cm/sec, to "un-
pleasant" at 0.4 cm/sec, and "clearly perceptible" at 0.1 cm/sec, with the
threshold of perception at Approximately 0.03 cm/sec (Reference 81). These
results are consistent with the summary in Table 3-7 where just percepti.-
ble, clearly perceptible, and annoying ground motions occur at velocities
of approximately 0.03 to 0.08, 0.08 to 0.25, and over 0.25 cm/sec,
respectively.
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Damage Distances

In summary of the preceding discussion, it appears that a criterion of
20 cm/sec (corresponding to a velocity of 0.5 cm/sec) for ground motions
from large chemical explosions is a conservative criterion to ensure no
significant damage. (For smaller contained explosions of a few tons, for
example, the Bureau of Mines standard of 5 cm/sec for no damage is applica-
ble.) This 20-cm/sec level corresponds to a level that is annoying to
humans but has only a 1-percent probability of damaging a residence, and
below which rock slides have not been observed to occur. At a lower crite-
rion of 5 cm/sec2 (corresponding to a velocity of 0.13 cm/sec), the ground
motion may be perceptible to humans but no damage to even the most sensi-
tive structures will occur.

In Figure 3-10, these damage criteria levels are overlaid on the ground
shock magnitudes versus distance from Section 2 to assess the potential for
damage from ground shock. Comparing Figure 3-10 with Figure 3-6 for air-
blast, it can be seen that damage from ground shock will normally be within
the range where airblast damage dominates. For example, at 4 kilometers
from a near-surface 500-ton explosion, one residence in 100 is likely to be
damaged from ground shock. A total of 100 residences corresponds to a
small town with a population of about 300 people and roughly 5,700 windows.
A 500-ton HE explosion above ground 4 kilometers away from such a small
town could be expected to break about 450 windows under calm, nonrefracting
meteorological conditions. Even a well buried explosion that would extend
a given ground shock level a factor of 2.7 more distant (i.e., to 11 kilo-
meters for damaging one residence out of 100) would still be at a distance
where 10 to 20 windows could be expected to be broken from airblast for
every residence damaged by ground shock.

EXPLOSIVE PRODUCTS AND DUST

The chemical products that are predicted to result from the detonation
of explosives commonly used in field tests are shown in Table 2-4 (Sec-
tion 2). For each of the explosives shown, over 90 percent by weight of
the chemical products shown are either (1) solid carbon (for other than
ANFO explosives), which may add to turbidity of surface water but that is
otherwise biologically harmless except in large concentrations, or (2) wa-
ter, nitrogen, oxygen, and carbon dioxide, which occur naturally in the air
and are harmless in air, soil, or water. Nevertheless, some of the remain-
ing less-than-lO-percent of the chemical products are classified as pollu-
tants in air or water.

The chemical species from ANFO, the type of explosive most widely used
in large-scale field tests, that might affect soil or water are the nitrog-
enous and cyanide compounds. Nitrogenous compounds may beneficially in-
crease soil fertility, but nitrates and cyanide are undesirable in water.

An extensive soil and water collection and analysis program was con-
ducted as part of the environmental monitoring plan for the MISERS BLUFF
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Figure 3-10. Damage-distance criteria for ground motions
from near-surface explosions.'

Phase II field test. The results of this program (Reference 16) indicate
that ANFO explosions do not increase the salinity or cyanide concentration

of soils and water. However, following the explosive tests, an increase in
nitrate concentration was observed in one well that intersected the under-
water flow from the crater area. The investigators concluded that the in-
crease was probably caused by an increase in the nitrate levels in tile
ejecta used to fill the explosion craters; however, laboratory studies in-
dicated that if this were the case, increased chloride levels should also
have occurred and this was not observed. Regardless, any increase in the
nitrate concentration in soil or water at a test site is of possible con-
cern only if the water is used for drinking and the concentrations exceed
the drinking water standards.

For the other types of explosives shown in Table 2-4, the only poten-
tial pollutants are ammonia and methane, and it is likely that the heat of
the explosion and the availability of oxygen in the air would convert these
compounds to oxides of carbon and nitrogen and water. TNT, and these other
explosives, have been used for many years without noticeable effects on
soils or groundwater; however, measurements are practically nonexistent.

Concern has been expressed as to whether some of the explosion products
listed in Table 2-4 might produce nitrosamines. This question is of inter-
est because nitrosamines (or, more broadly, N-nitroso compounds) are
extremely potent carcinogens. Nitrosamines are produced when certain
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nitrogen-containing compounds react with secondary amines, a group of or-
ganic compounds that can be considered as derived from ammonia with two of
the hydrogen atoms replaced with organic radicals. The remaining nitrogen
atom in the amine links with a nitroso group (i.e., a NO radical) to form
the N-nitroso compound. Since Table 2-4 indicates that several nitrogen
compounds are produced by the explosion of ANFO and since secondary amines
are widely distributed in the environment, it would not be surprising if
nitrosamines are produced. It does not appear that the question of nitro-
samines has been addressed before in the context of explosive products.
Ammonium nitrate is a common fertilizer and has been used as a blasting
agent for many years.

Despite being potent carcinogens, it is known that nitrosamines are
widely distributed in the environment--they are formed in soil and water by
the reaction of nitrogen compounds with naturally occurring amines, they
are present in tobacco smoke, they are formed in the human stomach when ni-
trites are ingested, and they occur in human saliva. Since the vicinity of
most test sites is not used for human food crops or public water supply, it
does not appear that any human hazard would result in most cases even if
nitrosamines are produced.

The gaseous detonation products and the fine dust in the explosion
cloud can be transported long distances downwind as the cloud diffuses.
The maximum ground level exposures, predicted in Section 2 under worst-case
assumptions, can be compared against air quality standards to assess the
potential impact.

For a given geology and scaled depth-of-burst, it is shown in Section 2
that the crater volume is directly proportional to the size of the explo-
sive charge. Since it is assumed that one-third of the crater volume is
dust that is subject to distant air transport, the amount of dust in the
explosion cloud is also directly proportional to the size of the explosive
charge. For a given type of explosi,,e, the amount of each chemical explo-
sive product is obviously directly proportional to the size of the explo-
sive charge. Therefore, all other factors being constant, the explosive
products and dust in the explosion cloud that are subject to atmospheric
diffusion are directly proportional to the weight of the explosive charge.
Increasing the size of the explosive charge results in increasing the maxi-
mum downwind ground level exposure level, because the greater diffusion of
the cloud from a large explosion is more than offset by the greater total
amounts of chemical products and dust in the cloud from such a large explo-
sion. For example, although Figure 2-20 shows that a given amount of mate-
rial is 50 times more diffuse at ground level from a 500-ton explosion
compared to a 1,000-pound explosion, the 500-ton explosion cloud contains
approximately 1,000 times more materials than does the 1,000-pound explo-
sion cloud; therefore, the m?"imum ground level exposure from the cloud
from a 500-ton explosion is .dproximately 20 times greater than that from a
1,000-pound explosive. (Different meteorological conditions might change
this conclusion, but Figure 2-20 is based on an unstable atmosphere which
is a conservative assumption in that it produces the highest ground level
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exposure levels.) Therefore, if a 500-ton explosive charge does not pro-
duce ground level exposures in excess of air pollution standards, neither
should a smaller size charge.

A sample computation using conservative assumptions will show that dust
from an explosion cloud transported long distances may exceed air quality
standards. Assuming a site of dry clay, which has a high proportion of
fine particles that are subject to distant transport, and a 500-ton explo-
sion at a zero height-of-burst, the amount of dust subject to gistant
transport in the explosion cloud would be approximately 7 x 10' grams
(i.e., thS product of the unit weight of clay which is approximately 90
pounds/ft , the cratering efficiencX of a charge at zero height-of-burst in
a dry clay medium which is 1,000 ft3 /ton of explosive, the weight of the
explosive which is 500 tons in this example, and the one-third of the cra-
ter volume that is assumed as dust in the explosion cloud based on the dis-
cussion in Section 2). From Figure 2-24, for a 500-ton explosion the
normalized exposure is as follows:

E /Q = 2 x 10-8 (3-6)

Substituting the value of 7 x 109 grams for Q and assuming a relatively
slow wind speed of 2 m/sec (a conservative assumption since slow winds re-
sult in a slower passing cloud thqt increases exposure), the maximum expo-
sure downwind would be 70 g-sec/ma. This value can be compared with
the air quality standard that applies to the site in question. To compare
it with the national secondary ambient air qualjty standard or 
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